INTRODUCTION 71 72
It has been suggested that the complexity of primate communicative repertoires is 73 closely connected to living in social groups, because increased social complexity acts as a 74 driver for increased communicative complexity [e.g. Freeberg et al., 2012] . For example, 75
there is evidence for a positive correlation between group size and facial expressions in a 76 sample of 12 primate species [Dobson, 2009] . Furthermore, the specific social structure of 77 primates and the dominance hierarchy was found to influence the use and repertoire of facial 78
expressions [van Hooff, 1976 Maestripieri, 1999] . The extent to which species differences in facial 80 expression can be attributed to socio-ecological variables, therefore, is important to fully 81 understand the evolutionary function of facial expressions. Although, in hylobatids, there is 82 yet not much known about whether facial expressions have true communicative, or even 83 expressive, function, preliminary data suggests that this is the case [Liebal et al., in 84 preparation] . In order to investigate facial expressions and their specific function in 85 communicative contexts, a detailed investigation describing certain properties of facial 86 expressions in hylobatids is highly relevant. Here, for ease of description, facial expression is 87 defined as any single or combination of more than one facial movement (Action Unit [AU] ) 88 or more general head/eye movement (Action Descriptor [AD] ), but without the assumption 89 that these movements are necessarily communicative. 90
Together with humans and great apes, hylobatids belong to the superfamily Hominoidae 91 [e.g. Geissmann, 2002; Mootnick, 2006] . Comprising up to 16 species, they represent the 92 most diverse group within this superfamily [Thin et al., 2010] , and they are closely related to 93 both great apes and Old World Monkeys. Hylobatids are characterized by a similar set of 94 morphological, ecological and social features. They have prolonged extremities adapted to a 95 brachiating style of locomotion, they are arboreal and usually live in small groups comprising 96 of the mated pair and their offspring [Rowe, 1996] . However, there is some variability in their 97 social organization. Although they are commonly described as monogamous species, recent 98 studies have challenged this view. Thus, it has been demonstrated that the social organization 99 of gibbons is much more variable [e.g. Palombit, 1994; Reichard, 1995; Lappan, 2005] and 100 that the strength of social bonds varies between different hylobatid species [Fischer & 101 Geissmann, 1990] . In this regard, it is important to differentiate between sexual monogamy, 102 which means that female and male have only a single partner of the opposite sex at a time 103 [Black, 1996; Gowaty, 1996] , and social monogamy, which refers to cooperation in thevarieties. A 'grin' was described as facial expression where the mouth is "slightly opened and 139 the corners of the mouth are withdrawn with the teeth scarcely visible between the lips". The 140 facial expression 'Mouth open' was observed in two different varieties: 'Mouth-open half' is 141 when "the mouth is opened slightly, so that the canine teeth are almost completely covered by 142 lips; the shape of the mouth is oval with the corners of the mouth withdrawn very little" and 143
'Mouth-open full' when "mouth is opened to the full extent with the canine teeth and the 144 palate visible". The last facial expression was labeled 'Pull a face' and described as "upper 145 and lower jawbones are closed; the lips are protruded and slightly opened, forming an 146 elliptical shape". 147
However, a comparison across these studies is difficult because they did not use a 148 standardized, objective method to classify different types of facial expressions. However, a second socio-ecological factor that could also be influential on facial 170 expressions is the strength of monogamy. It has been shown that monogamous species might 171 be associated with higher behavioral complexity and greater cognitive processing demandsthan polygamous species [Dunbar, 1992 Symphalangus, 7h (33%) for Hylobates and 5h (24%) for Nomascus). Mean observation 218 time per individual was 158 minutes (SD = 34 min). Recordings were taken only when the 219 pair was in reaching distance and so had the opportunity to closely interact. We measured 220 the number of facial expressions, the repertoire and diversity per individual of each pair. 221
Since the recording time differed between pairs, a correction for each of these 222 measurements was performed by dividing each of these measurements by the recording 223
time per individual (for details see section Measurements of the facial expressions). The 224
video footage was coded using the software Interact (Mangold International GmBH, 225 Version 9.6). Facial expressions were identified using GibbonFACS [Waller et al., 2012] . 226 A facial expression was coded when it clearly showed the apex of a signaling action, i.e. 227 when the action is strongest for that event. We conducted a reliability analysis on 10 % of 228 the data, which was calculated using Wexler's Agreement as for the human FACS and all 229 other non-human primate FACS systems [Ekman et al., 2002] . Agreement was 0.83, 230 which in FACS methodology is considered good agreement [Ekman et al., 2002] . 231 232
Measurements of the facial expressions: rates, corrected repertoire and corrected diversity 233 234
Three measurements were used to examine the use of facial expressions across the 235 three gibbon genera. One facial expression can consist of a single facial movement 236 (AU/AD) or a combination of more than one. First, we calculated the overall frequency of 237 facial expressions, which is the total number of facial expressions produced independent 238 of their type for each genus. Rates were obtained by correcting for the observation time 239 for each individual, and then taking the mean for each genus. 240
Second, the repertoire of facial expressions was established for each genus, whichcomprises the number of different types of facial expressions observed during the 242 recording time in the context of social interactions. The 'repertoire' in the present study 243
should not be confused with the 'facial repertoire' as an inventory of facial signals in the 244 ethogramme of a species, which is usually defined as an ensemble of (not objectively 245 defined) facial patterns, regardless of the context in which they are observed. The 246 observed repertoire in the present study is therefore a 'standardized repertoire', for the 247 sake of ease labeled only 'repertoire' here. 248
The corrected repertoire for the m genera ( ) was calculated as , 249
where k is the number of individuals belonging to the m genera, τ i is the recording time of Third, the diversity of the facial expressions takes into account both the repertoire 257 and the rates. It should be interpreted as a weighted repertoire. The diversity measurement 258 incorporates information about how many types of facial expressions are observed and 259 how evenly those types are represented [Hill, 1973] . For a given number of types, the 260 value of a diversity index is maximized when all types are equally present. In other words, 261 the more different types there are and the more they are evenly represented, the higher the 262 diversity measurement. Thus, if the number of facial expressions of an individual is given 263 by S, we first calculated the Shannon Information [Shannon, 1984] for the n-individual as: 264
Here p i represents the ratio between the number of each facial expressions and the total 266 number of facial expressions for a given individual. 267
268
The diversity of facial expressions is given by: 269
The corrected diversity index ( ) [Hill, 1973] of the facial expressions for each 271
individual is then calculated by: .
273 274

Socio-ecological variables (Group size and monogamy) 275 276
We correlated the three properties of facial expressions (rates, corrected repertoire and 277 corrected diversity) with the two socio-ecological variables group size and monogamy 278 (Indices I, II and III) for each species using regression models. Information about group size 279 was taken from the literature (see Table 2 ). We used the maximum numbers of reported group 280 size for further analysis. For this analysis we used the rates, corrected repertoire and the 281 corrected diversity for each species. We incorporated phylogenetic information into the We included the following socio-ecological variables for the creation of the 293 monogamy index: extra pair copulation (EPC), polyandry (PA) and polygyny (PG), proximity 294 at day (Pd), proximity at night (Pn), desertion (D), group composition (Gc) and paternal care 295 (Pc) (see Table 3 ). Information about these behaviors was obtained from a literature survey on 296 85 publications between years 1976 and 2012 (see reference list in Supplementary Materials 297 S1 and S2). We divided behaviors either referring to sexual monogamy (SeM) or social 298 monogamy (SoM); see Table 3 . We considered sexual monogamy, where an individual has 299 only a single partner of the opposite sex at a time [Black, 1996; Gowaty, 1996] , as stronger 300 indicators of monogamy than behaviors of social monogamy, which refers to cooperation in 301 the acquisition of other resources, e.g. shared use of a territory, proximity between male and 302 female, behaviors favoring pair cohesion [Reichard, 2003] . In order to create an index, each 303 In order to examine whether the three genera differ from each other in their 360 diversity of facial expressions we conducted a Kruskal-Wallis test, which revealed 361 significant differences between genera (Kruskal-Wallis test: H = 6.22, df = 2, P = 0.045. 362
We performed a non-parametric post-hoc test for the difference between pairs. We used 363
Conover's critical difference of the mean ranks test [Conover, 1999; Sprent, 2001 ; Bewik, 364
2004]. We found that Symphalangus was significantly different than Nomascus and 365
Hylobates (P < 0.05, see Supporting Material 1), but no significant differences were found 366 between Nomascus and Hylobates (P > 0.05); see 
Comparison of males and females 374 375
When combining the three genera, there were 15 combinations, which we only 376 observed in males, while an additional 13 combinations were only present in females (see 377 Table 5 ). The remaining combinations were shared by both genders. However, statistical 378 analyses found no differences between males and females in regard to the rates (Mann 379 
Relationship between facial expressions and socio-ecological factors 386 387
We correlated the three measurements of facial expressions (rates, corrected 388 repertoire and corrected diversity) with the two socio-ecological variables group size and 389 monogamy (Indices I, II and III; see Table 6 ) using regression models. The models 390 revealed no significant relationship of facial expression properties and the socio-391 ecological factors (see Results in Table 7) . group size and level of monogamy; both were found to differ between siamangs as compared 428 to the other species. However, in the current study we could not observe any relationship 429 between facial expressions and those socio-ecological factors. One possibility is that only a 430 comparison between a relatively large number of species belonging to a group which 431 members are phylogenetically separated by a longer time scale in evolutionary history can 432 reveal such differences [Dobson, 2009] , whereas a group consisting of a smaller number 433 belonging to a smaller and closer related group of species can not, even though we corrected 434 for phylogeny in our sample. Therefore, facial expressions in hylobatid species may be 435 subject to evolutionary constraint and do not differ enough between species to reveal 436 correlations between factors such as group size and monogamy level. Taken together, the examination of the repertoire, rate and diversity of facial 471 expressions of five hylobatid species by using an objective coding system revealed a richer 472 repertoire than previously reported for gibbons [Fox, 1972 [Fox, , 1977 
